The recent increase in the construction industry has transformed concrete into an ideal choice to recycle a number of residues formerly discarded into the environment. Among various products, porcelain tile polishing, limestone and tire rubber residues are potential candidates to replace the fine aggregate of conventional mixtures. The aim of this study was to investigate the effect of the addition of varying contents of these residues in lightweight concrete where expanded clay replaced gravel. To that end, slump, compressive strength, density, void ratio, porosity and absorption tests were carried out. The densities of all concrete formulations studied were 10% lower to that of lightweight concrete (<1.850 kg/m³). Nevertheless, mixes containing 10 to 15% of combined residues reduced absorption, void ratio and porosity, at least 17% lower compared to conventional concrete. The strength of such formulations reached 27 MPa at 28 days with consistency of 9 to 12 cm, indicating adequate consistency and increased strength. In addition, the combination of low porosity, absorption and voids suggested improved durability.
INTRODUCTION
In recent years, concrete has been one of the main forms of recycling of various residues that were once discarded into the environment [1] [2] [3] [4] . The high energy demand involved in the construction industry [5] and the increasing consumption of concrete have pushed forward recycling initiatives of byproducts from various industries [6] [7] [8] [9] [10] . Aggregates account for 70 to 75% of the weight of concrete, resulting in an annual consumption of 7.5 billion tons. Thus, the use of residues to replace at least a fraction of the aggregates without major effects on the properties of concrete represents a significant improvement in the sustainability of the construction industry [11] .
Porcelain tile is a ceramic that, as a function of its physical and chemical characteristics, has been used as an alternative to products such as granite and other natural stones. In the porcelain tile manufacturing process, more specifically in the polishing stage, large amounts of porcelain tile polishing residue (PPR) are generated [12] . PPR contains toxic metals from the manufacturing process, thus requiring managed disposal. Nevertheless, the high costs associated with the proper disposal of this waste have made this residue to be frequently discarded into the environment. This practice has caused great social and environmental concern, as Brazil is the world's second largest porcelain tile consumer and producer [13] . Studies have demonstrated the great application potential of PPR due to both its pozzolanic activity and the filler effect [14, 15] . Studies have also been carried out on residues such as limestone residue (LSR), from the mining and processing of rocks. They are usually discarded in lakes, rivers, roads and around mines. This practice becomes a serious environmental concern when the mines are located around the metropolitan areas [16] . Limestone mainly consists of calcite (CaCO 3 ) and is used by the construction industry as raw material in the manufacture of lime and cement. It is also used in agriculture as corrective agent for acid soils. LSR can reduce the use of natural aggregates (sand) in the production of concrete. However, literature on this topic is scarce.
Tire rubber residue (TRR) is another material that has undergone a considerable increase due to the worldwide increase in the vehicle fleet [17] . Approximately 1.5 billion tires are manufactured yearly worldwide [18] . TRR is usually disposed on landfills, however, due to its difficult decomposition and considerable reduction of the useful life of landfills with this practice, disposal has proved to be environmentally impracticable [6] . By 2030, roughly 5 billion tires will be discarded yearly without sustainable destination [19] . Several alternatives have already been studied in the construction industry to manage TRR, among which the production of asphalts, sports floors, road barriers, acoustic insulation panels and expansion joints [20] . Although the use of TRR as structural material is not feasible, since it considerably reduces the compressive strength of conventional concrete, researchers have shown great potential of TRR in other areas, especially in vibration damping, impact resistance, fire resistance, thermal insulation on facades, and others [8, 20, 21] . Lightweight concretes have gained wide acceptance in the construction market due to their numerous advantages over conventional concrete, including weight reduction, increase of useful area (due to reduced dimensions of structural parts), low handling costs and transport operations, increased thermal and acoustic insulation and fire resistance [22] . In the production of lightweight concretes, typically some or all the aggregates are replaced by lightweight aggregates including expanded clays, tire rubber residue, pumice, and expanded vermiculite among others, which considerably decreases the density of the material [9] . Concretes with density below 2000 kg/m³ [23] are usually considered lightweight concretes, but ACI 213R-87 [24] defines density ranging from 1400 to 1850 kg/m³.
The replacement of normal aggregates by low-density aggregates in the production of lightweight concrete decreases its compressive strength. The reduced concrete density while maintaining the strength of the material at acceptable levels without increasing the cement consumption (which increases the concrete production costs) is a real challenge. In this sense, the use of by-products to increase volume can be a viable option for the production of lowcost and sustainable lightweight concrete. Expanded clays are traditionally used to replace gravel (coarse aggregate), whereas residues of porcelain tile polishing, tire rubber and limestone can partially replace sand (fine aggregate). This study evaluated the effect of the addition of different residues (LSR, PPR and TRR) combined with expanded clay in the formulation of lightweight concretes. The resulting compositions were characterized by slump, compressive strength, density, void ratio, porosity and absorption tests.
MATERIALS AND METHODS
Portland cement, sand and expanded clay (EC1 and EC2) were used in the production of lightweight concrete. PC II 32 Z RS Portland cement from a single batch was used throughout the study. The fine aggregate used was clean river sand of coarse grain size (4.8 ≤d≤ 2.4 mm). Two types of expanded clay were used, 1506 (EC1) and 0500 (EC2) as lightweight aggregate, replacing gravel. All residues used in this work (PPR -porcelain tile polishing residue, TRR -tire rubber residue, and LSR -limestone residue) originated from the local industries. TRR and LSR were used as-received in order to address the potential of such residues on large scale. Preliminary sieving was carried out with a 4.8 mm sieve to eliminate large particles and coarse impurities.
The mix design used was 1:0.83:0.875:0.375 (cement:sand:EC1:EC2, Table I ). The water to cement ratio was 0.50 with the addition of 1% Glenium SKY 150 superplasticizer by the weight of cement to maintain proper concrete workability. PPR, TRR and LSR residues were added to this mix in different ratios (Table II) The cement fineness index was obtained from the material retained in the 75 μm sieve. Cement compressive strength tests were performed using 5 cm (diameter) x 10 cm (height) cylindrical mortar specimens according to current standards. The real density of the cement was determined by the Le Chatelier test, whereas expansion was measured at 7 days using a Le Chatelier needle. The Vicat apparatus was used to establish the cement setting time. All aggregates (sand, PPR, TRR, LSR and EC) underwent density, unit mass and particle size distribution tests. For the density tests, the Chapman flask was used. The unit mass tests were performed using a 13 L cubic box. Particle size distributions were determined using a set of sieves (4.8, 2.4, 1.2, 0.6, 0.3 and 0.15 mm) and a mechanical stirrer. Selected characteristics of the materials used in the formulation of lightweight concrete are listed in Tables III to V, whereas particle Fig. 1 . The chemical characterization of PPR, LSR, EC1 and EC2 aggregates was carried out by X-ray fluorescence (XRF) and X-ray diffraction (XRD), and the results are shown in Table VI and Fig. 2 , respectively. Slump tests were carried out only for fresh concrete. To perform the tests, 12 cylindrical specimens of 10 cm (diameter) x 20 cm (height) were prepared for each of the ten mixes studied. After 24 h at rest, samples were demolded and subjected to immersion cure during 7 and 28 days. After curing, immersion absorption, voids, porosity and density tests took place for each mix using the mass of specimens in the dry, saturated and submerged state. Compressive strength tests in the cylindrical specimens were performed at 7 and 28 days. (Table VI) . Analysis by XRD (Fig. 2b) showed that PPR was an amorphous material with some crystalline quartz.
RESULTS AND DISCUSSION
Amorphous materials typically have high reactivity with the cement calcium hydroxide (pozzolanic reaction), thereby increasing the compressive strength of hardened material.
Results from slump test showed that the consistency of concrete with residues (LCR) decreased for high PPR and/ or LSR contents (Fig. 3) . Very fine aggregates absorb water, thus reducing the total amount of water required to maintain consistency, which consequently makes the concrete less plastic. This explains why the slump results were lower than those obtained elsewhere [25, 26] . Moreover, concretes with medium to low contents of residues (T2, T9, T3 and T7) presented far better consistency when compared to concrete with high PPR and LSR levels (T1, T4, T5, T6 and T8). Concrete T7 showed consistency about 83% better than all other LCRs. The maximum TRR level (5%) used in the production of this concrete and the low amount of PPR (5%) and LSR (4%) significantly contributed to maintain consistency at least 25% higher than that of the other LCR and obtained in [27] .
Porosity, absorption and void ratio are properties related to concrete durability. Concretes with low void ratio, absorption and porosity are more compact and waterproof and tend keep service properties for longer times. The results in Fig. 4 show a reduction in the void ratio, porosity and absorption of at least 17% of all LCRs in relation to PC concrete. Concretes T2, T5 and T6 showed reduction of almost 40% in porosity in relation to PC and almost 50% when compared with concretes made in [28] . This behavior can be explained by the filler effect and pozzolanic reaction of PPR with calcium hydroxide (CH). The particle size results in Fig. 1 showed large amounts of fine particles that acted in the filling of concrete micropores, which characterized the filler effect. The high amount of silica in the amorphous state of PPR observed by XRD and XRF results support the pozzolanic reaction. The combination of the filler effect and the pozzolanic reaction resulted in less porous and more impermeable concrete. This fact resulted in decreased void ratio, porosity and absorption provided by LCR T2, T5 and T6. The values obtained for the previously T1  T5  T3  T7  T2  T6  T4 T8 T9
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Concrete mix mentioned properties were similar to those found in the literature for lightweight concretes [25, 29] .
There was no significant variation in density with different sources of residues (Fig. 5 ). All concrete samples produced had density less than 1700 kg/m³. This value is 10% lower than reported elsewhere [25, 27, 28] and 1850 kg/m³, which is the density that ACI 213-87R [24] recommends for lightweight concrete, and at least 20% lower than those reported for lightweight concrete [26, 30] . The low density of concretes is due to the replacement of normal coarse aggregates of density around 2600 kg/m³ by EC0500 and EC1506 with densities of 1230 and 930 kg/m³, respectively.
The results illustrated in Fig. 6 show that the strength at 28 days of all concretes containing residues exceeded that of PC formulation by at least 3%. These results are similar to those reported in the literature [25, 30] and almost 50% greater than that obtained in [28] . The strength of LCR T5 and T6 at 28 days exceeded all others by at least 20%. This increase was probably caused by the low percentage of TRR present. Absorption, porosity and void ratio significantly contributed to the concrete strength. Waterproof and denser concretes tend to have higher strengths. The gain in strength can be explained by both the filler and pozzolanic effects. The reduced strength of T1 compared to the others may have been caused by the high contents of residues present (PPR 15%, LSR 12% and TRR 5%). A relatively slow strength gain of T7 was observed, which showed strength at 7 days nearly 18% less than PC. It is possible that the high TRR content (5%) combined with low PPR and LSR levels (5 and 4%, respectively) have contributed to decrease the strength gain at early ages. Fig. 7 shows that the best results were obtained for LCR T3 and T7. These concrete samples showed strength in the order of 27 MPa at 28 days with consistency of 9-12 cm. Although T5 and T6 have shown better performance in terms of strength, they showed low slump. Consistency is related to the mix fluidity (plasticity degree) and the aspects that most affect this property are the water to dry materials ratio and the characteristics of aggregates such as shape and surface finishing of the particles. PPR and LSR tend to absorb more water due to the large amount of fine particles shown CP T1 T2 T3 T4 T5 T6 T7 T8 T9  0   5 T1  T5  T3  T7  T2  T6  T4  T8 T9 Compressive strength (MPa) Slump (cm) Concrete mix CP T1  T5  T3  T7  T2  T6  T4  T8 T9 Compressive strength (MPa) T1  T5  T3  T7  T2  T6  T4  T8 T9 Density (kg/m 3 )
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in the grain size distributions (Fig. 1) . The water absorption by these aggregates decreases the amount of water required to maintain consistency, thus making the material drier. LCR T7 showed better consistency due to its low content of PPR (5%), LSR (4%) and also to the higher amount of rubber (5%). The shape of TRR and surface finishing contribute to the improvement of consistency.
CONCLUSIONS
No significant differences in density were observed among the different LCR formulations in the concentration range of PPR (porcelain tile polishing residue), LSR (limestone residue) and TRR (tire rubber residue) studied. Formulations with low PPR and LSR levels (5 to 10% and 4 to 8%, respectively) and high TRR levels (3 to 5%) showed higher consistencies. Contents from 3 to 5% of rubber reduced the compressive strength and increased consistency. The addition of PPR and LSR improved compactness and compression strength of all LCRs, reducing absorption, void ratio and porosity. The use of PPR, LSR and TRR probably improve durability related properties, since a significant reduction in deleterious characteristics to concrete permeability were observed along with an improvement in compression strength. The use of these by-products in concretes can allow numerous technical and economic advantages since they improve some concrete properties such as compressive strength, porosity and absorption. The addition of residues in concrete also can contribute to sustainability since it reduces the disposal of these products into the environment. The best overall results were obtained for LCR T3 (5% PPR, 4% LSR, 1% TRR) and T7 (5% PPR, 4% LSR, 5% TRR).
